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We present a study on the intersublevel spacings of electrons and holes in a single layer of InAs
self-assembled quantum dots (SAQDs) using Fourier transform infrared (FTIR) transmission spec-
troscopy without the application of an external magnetic field. Epitaxial, complementary-doped and
semi-transparent electrostatic gates are grown within the ultra high vacuum conditions of molecular
beam epitaxy to voltage-tune the device, while a two dimensional electron gas (2DEG) serves as
back contact. Spacings of the hole sublevels are indirectly calculated using the photoluminescence
spectroscopy along with FTIR spectroscopy. The observed spacings fit well to the calculated values
for both electrons and holes. Additionally, the intersubband resonances of the 2DEG are enhanced
due to the QD layer on top of the device.
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Quantum-confined zero-dimensional semiconductor
quantum dots (QDs) have attracted an unparallel interest
over more than a decade [1, 2]. These nanostructures have
an immense potential for device applications ranging from
simple electronic memories [3] to novel optoelectronics [4].
The novelty can be extended by combining a quantum well
(QW) with these zero-dimensional systems. Tunneling
dynamics (refilling times) of electrons from QW to QD are
tunable from µs to ms by changing the barrier thickness
between them [1, 5].
Read-out of memory devices based on SAQDs demands
an effective electrical control over the device. One of the
first experiments towards this goal was performed by Sakaki
et al. [6], where they studied the transport properties of
the 2DEG with embedded InAs QDs. A lot of work has
been done to study the changes in conductance, carrier
concentration and mobility of the 2DEG due to successive
charging of QD levels [7, 8]. Electrostatic quantization re-
sults in the formation of quasi-two-dimensional electron or
hole states called subbands or sublevels. The spacing be-
tween the subbands is an important parameter defining de-
vice applications. Intersublevel spacings in InAs SAQD in-
frared photodetectors were calculated using infrared photo-
conductivity measurements [9, 10]. Besides, a lot of investi-
gation has been carried out on the intersubband transitions
of the 2DEG using grating couplers [11]. However, ques-
tions arising on the influence of QDs on the intersubband
spacings of the 2DEG and vice-versa in coupled nanostruc-
tures have not been addressed. Several theoretical models
[12, 13] are proposed to study the sublevel spacings. Nev-
ertheless, due to lack of experimental agreement, determi-
nation of such energetic spacings still remains a subject of
intense research.
In this letter, we address these questions and study in
depth the intersublevel spacings in QDs and its influence
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on the 2DEG intersubband spacing by FTIR transmis-
sion spectroscopy without applying an external magnetic
field. This spectroscopy is done together with capacitance-
voltage (CV) spectroscopy and photoluminescence (PL)
spectroscopy. We also study the sublevel spacing of holes
in the valence band of InAs SAQDs.
The investigated sample is grown on a semi-insulating
GaAs (100) substrate using molecular beam epitaxy
(MBE). Fig. 1(b) schematically shows the layer sequence
of the sample. An inverted high electron mobility transis-
Figure 1. (a) Sketch of the conduction band edge Ec, when no
QD level is filled with electrons. l1 is the distance of the QD
from the gate (246 nm) and l2 is the thickness of the tunnel
barrier (30 nm). (b) Schematic of the layer sequence of the
sample. (c) STEM image of the two QDs spaced apart by 44
nm. QD1 has a base diameter of 27 nm and height of 8 nm and
QD2 has a base diameter of 30 nm and height of approximately
8 nm. An imprint of strain relaxation is observed through the
first three periods of SPS over QD2. (d) Dark field TEM image
of QD1 with a resolution of 5 nm.
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2tor (iHEMT) structure is fabricated, on top of which InAs
SAQDs are realized by Stranski-Krastanov growth mode
with a nominal thickness of 2.2 monolayers (MLs), sepa-
rated from the 2DEG by a tunnel barrier of a 30 nm thick
GaAs layer. The QDs are then capped by 8 nm GaAs
followed by a blocking barrier, which consists of 60 peri-
ods of AlAs/GaAs short-period-superlattice (SPS). An epi-
taxial, complementary-doped and semi-transparent electro-
static gate is grown on top of the sample within the ultra
high vacuum conditions of the MBE. It is composed of a
25 nm thick bulk carbon-doped GaAs layer, followed by
40 periods of carbon-delta-doped and carbon-doped GaAs
layers.
The carrier concentration of the epitaxial gate, obtained
from Hall measurements, shows values of approximately
6× 1018 cm−3. There are a couple of advantages for using
such gates. First, these gates have better optical trans-
mission and do not suffer from low breakdown voltages in
comparison to Schottky gates. Second, they grow lattice-
matched and hence do not induce any strain on the un-
derlying semiconductor layer, also verified from the scan-
ning transmission electron microscope (STEM) studies. A
sketch of the conduction band edge is shown in fig. 1(a).
The STEM image in fig. 1(c) shows a cross-sectional view
of typical QDs in the QD-ensemble of the device. Two
QDs labeled as QD1 and QD2 show a variation in their
shape. A visible strain is observed to relax through the
first three SPS over QD2. The two dots are seperated by
44 nm, however the dot period in the device is random.
An inverted etch-mask with an array of different dimen-
sions ranging from 200 × 200 µm to 500 × 500 µm is used
to prepare gates on top of the sample. The four corners
of the sample are further etched by 200 nm and Indium is
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Figure 2. (a) Room temperature, 300 K, (b) 77 K and (c)
10 K photoluminescence spectra measured with an excitation
power of 5 mW. Spectral deconvolutions are plotted in green.
The experimental data points are plotted in grey dots and the
reconstructed spectrum is shown in red. (d) Schematic repre-
sentation of the transitions corresponding to each peak.
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Figure 3. Capacitance measured as a function of the gate volt-
age at 4.2 K. The capacitance is corrected by subtracting the
linear slope due to the wetting layer. Successive charging of
QD levels is observed in increasing the gate voltage. The green
gaussian curves indicate the deconvoluted peaks corresponding
to the filling of electrons in the QD levels. The red curve repre-
sents the reconstructed spectrum from Vg = -1.4 V to Vg = 0.25
V. Inset: Band-schematic illustrates the QD levels with respect
to the Fermi level for two gate voltages.
diffused in an inert atmosphere of Hydrogen and Nitrogen
to contact the 2DEG layer. Intraband spacings of the
sublevels of electrons and holes in the InAs SAQDs (shown
in fig. 2) are characterized by photoluminescence measure-
ments at three different temperatures. A modulated laser
diode, which emits at 638 nm (1.94 eV), is used to excite
the sample and a liquid-nitrogen-cooled InGaAs photodi-
ode is used as a detector. The photo-generated electrons
and holes undergo energy and momentum relaxation to-
wards the band-gap minima, where they finally recombine
and emit photons with energies given by [13]
Ei = Eg − Eei+1 − Ehhi+1 , (1)
where i represents the index of the levels, Eg is the band-
gap of the matrix material (GaAs), Eei+1 and Ehhi+1 are
the energetic distances in the conduction and valence band
measured from the respective edges of the GaAs band.
Fig. 2(d) shows the schematic of the intraband transitions
in the QD. At 300 K, four intraband transitions are ob-
served (fig. 2(a)), marked as E0 (1.001 eV), E1 (1.053 eV),
Table I. Deconvolution results of the PL spectra at different
temperatures. The values in the brackets are the FWHM of the
respective peaks. All values are in eV.
Peaks 300 K 77 K 10 K
E0 1.001 (0.036) 1.059 (0.036) 1.062 (0.036)
E1 1.053 (0.038) 1.114 (0.038) 1.118 (0.038)
E2 1.102 (0.047) 1.165 (0.027) -
E3 1.151 (0.066) - -
EWL 1.355 (0.035) 1.422 (0.018) 1.425 (0.013)
EGaAs 1.435 (0.033) 1.512 (0.009) 1.516 (0.006)
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Figure 4. Transmission spectra at three different gate voltages each normalized to the threshold voltage (no carriers induced) of -2
V. (a) At -1.167 V, only an absorption due to AlAs TO-phonon (45.68 meV) is observed. At -0.55 V, s→ p transition is recorded
at 45 meV along with the enhanced TO-phonon absorption at 45.74 meV. At 0.3 V, p → d transition was observed at 45.14 meV
along with the TO-phonon absorption at 45.71 meV. (b) Transmission spectra at higher frequencies than in (a): At 0.3 V, s→ d
transition was recorded at 85.07 meV. (c) The level schemes for the respective transitions observed in (a) and (b). (d) Optically
enhanced intersubband transitions in the 2DEG for two gate voltages at substantially lower frequencies than that of QDs in (a) and
(b). The resonances shift to higher energies as the carrier density increases with the gate voltage. This is shown by the blue dashed
lines. The green curves in all the spectra represent the simulated transmission spectra.
E2 (1.102 eV) and E3 (1.151 eV) along with the transi-
tion in the wetting layer (1.355 eV) and in GaAs (1.435
eV). The composition of this In0.05Ga0.95As wetting layer
is calculated from the observed peak in PL (at 300 K) us-
ing Vegard’s law [14]. With decreasing the temperature to
77 K, the respective transitions shifted to higher energies
(fig. 2(b)) according to Varshni’s emperical relation [15].
Further decreasing the temperature to 10 K, only two dis-
tinct intraband transitions are visible (fig. 2(c)), marked as
E0 (1.062 eV) and E1 (1.118 eV), together with the tran-
sition due to the wetting layer (1.425 eV) and GaAs (1.516
eV). The values of all the deconvoluted peaks at differ-
ent temperatures along with their FWHM are tabulated
in tab. I. The FWHM of E0 and E1 are found to remain
constant at all temperatures while a marked narrowing of
FWHMs of other peaks is observed at 10 K. The broaden-
ing of the peaks is due to the ensemble of QDs resulting in
a series of δ-function peaks whose position depend on the
energy levels in the 3D-confined region. There is a strong
emission from the wetting layer at 10 K as compared to the
emission at 300 K, which is also observed as a huge change
in capacitance in the CV spectrum for gate voltages higher
than 0.5 V. Two intraband transitions, E2 and E3, are not
strong enough and hence not observed at 10 K.
On varying the gate voltage (Vg) from -2 V to 1 V, we in-
ject electrons from the back-contact (2DEG) into the InAs
QDs through the GaAs tunnel barrier. The charging of
the QD levels with an electron is observed as a change in
the capacitance between the top gate and the back con-
tact. Fig. 3 shows the variation of capacitance with the
gate voltage at 4.2 K. A small sine signal of 10 mV and
2.33 kHz was used as a modulation for the DC voltage. In
the inset of fig. 3, schematics of the QD levels are shown for
two different voltages. At -2 V, no QD levels are occupied
and hence this voltage is chosen as reference voltage (Vr).
With sufficient forward bias (0.3 V), we see the occupation
of s-like E0 level, which is two-fold degenerate and p-like
E1 level, which is four-fold degenerate. At an intermediate
voltage of -0.55 V, only the s-like E0 level is occupied. The
density of QDs can be obtained by using a simple relation:
NQD =
1
2e
· l1 + l2
l2
−0.7∫
−1.5
C (V ) dV , (2)
where NQD is the density of QDs, (l1 + l2)/l2 is given by
the lever-arm rule (see fig. 1(b)). The integration is per-
formed between the voltage limits where only the s-levels
are occupied. The density of the QDs calculated from the
CV spectrum is 2× 109 cm−2.
Further, we investigate the quantized energy levels within
the conduction band by infrared transmission measure-
ments with a rapid scan Bruker IFS113V interferometer,
which has two different sources (mercury-arc lamp and glo-
bar) to cover the complete range of infrared radiation. The
spectral resolution was 0.25 cm−1 (= 0.03 meV). The
bottom surface of the sample is wedged at around 3◦ to
avoid the Fabry-Perot interference fringes and mounted at
an angle of 30◦ (obeying the polarization selection rule
for observing the intersubband transitions) in a self-built
cryogenic optical sample holder, which is equipped with a
4liquid-Helium cooled Si-bolometer for detection. Spectra
at a certain gate voltage and reference voltage are collected
alternatively and averaged over long measurement times (3
hours) to rule out the experimental drifts. The normalized
transmission, T (Vg) /T (Vr), is given by [16]:
T (Vg)
T (Vr)
= 1− 2Re [σ (ω)]
(1 +
√
ε+ rv/rg) ε0c
, (3)
where ε0 is the permittivity of free space, c is the velocity of
light, ε = 12 is the dielectric constant of InAs, rv = 377 Ω
is the vacuum impedance and rg = 12 kΩ is the combined
impedance of the epitaxial gate and the back-contact at 4.2
K. The high-frequency conductivity, σ (ω), of electrons in
a parabolic potential is
σ (ω) =
Ne2τ
2m∗a2
[
1 + i
(ω2−ω2r)
ω τ
] , (4)
where ωr is the high-frequency resonance, a is the average
QD periodicity and τ is the scattering time, which basically
determines the line-width of the transitions. Theoretical
curves generated by using eq. 3 show close correspondence
to the experimental data. These are shown in fig. 4. At Vg
= -1.167 V, we observe only a small dip in the transmis-
sion due to the AlAs TO-phonon at 45.7 meV [17]. At Vg
= -0.55 V, electrons from the s-like E0 level absorb the in-
cident infrared radiation and occupy the next sublevel with
a minimum in the transmission spectra at 45 meV (s→ p).
Upon increasing the voltage to 0.3 V, when both s- and
p-levels are occupied, transitions from both the levels to
the d-sublevel are registered as minima in the transmission
spectrum at 45.1 meV (p → d) and 85.1 meV (s → d),
respectively. For s→ d, the value is almost twice the value
observed in s→ p or p→ d. This is expected to a very good
approximation for confinement resulting from the parabolic
potential leading to equidistant levels. We observe a strong
coupling of s→ p and p→ d to the AlAs TO-phonon (45.7
meV). Using the results from the PL spectra, we calculate
the sublevel spacings of the holes in the valence band. The
energetic distance between hh1 and hh2 (see fig. 2(d)) is 11
meV.
On the other hand, strong intersubband resonances
(ISRs) are observed in the 2DEG. The 2D electron density
obtained from Hall measurements is 3 × 1011 cm−2. Suf-
ficient negative bias (Vr = -3 V) is applied to completely
deplete the 2DEG below the threshold voltage, which is
used as reference for the chopping scheme. The strong en-
hancement of the 2DEG-ISRs is due to the layer of QDs on
top, which helps in better coupling of the incident radia-
tion with the intersubband transitions of the 2DEG. This
is due to the fact that the InAs SAQDs in the GaAs matrix
act analogous to a grating coupler, which tilts locally the
electric field vector of the incident wave, leading to sub-
stantial components in the growth direction (normal to the
2DEG), which is necessary to excite ISR. As a consequence,
we observed around 6% transmission dip in the primary
ISR compared to the strengths of the transitions reported
previously 1-2% [11]. With an increase in the gate voltage,
the ISR shifts to higher energies owing to an increase in
the carrier density steepening up the asymmetric triangu-
lar potential, which confines the 2DEG and thus leading to
higher intersubband spacings.
The picture is however not so simple since many-electron
interactions significantly change the single electron inter-
subband transition energies of the 2DEG in a HEMT struc-
ture. Under the local density approximation and linear
response theory, it was shown by Ando [18] that the two
most significant contributions are the depolarization effect
which blue-shifts the ISR and the exciton-like effect which
red-shifts the ISR. Besides, with an increase in the voltage
(-0.55 V), the QDs are also charged and this will result in
an additional field across the 2DEG layer. The resonances
observed are a result of the combined effect of the above
mentioned phenomena. Moreover, as seen from the cross-
sectional STEM images, the QDs have an inhomogeneous
size distribution and there are also signatures of strain re-
laxation through the SPS. It is quite remarkable to note
that under the framework of parabolic potential (in case of
QDs), the sublevel spacings are independent of the electron
density. This is however true only for lower densities [19],
which is the case for the sample investigated.
In conclusion, the use of epitaxial, complementary doped
and semi-transparent electrostatic gates to chop the den-
sity of charge carriers proved to be an efficient technique
to study the intersublevel spacings of electrons in the con-
duction band. Using these results along with the intraband
transitions values from PL, we evaluated the sublevel spac-
ings of the holes in the valence band. We found that the
simulated transmission spectra correspond to a very good
approximation to the experimental observations. Due to
the coupled structure with the QD layer on top, the 2DEG
intersubband resonances were strongly enhanced. More-
over, there was no visible coupling of the intersubband res-
onances of the 2DEG and the intersublevel transitions in
the QDs and they are well seperated by the Reststrahlen
band of GaAs. Interesting features of SAQDs like inhomo-
geneous confining potential resulting from the shape and
strain relaxation were seen in the STEM images.
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